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FOREWORD i

This report was prepared by the Aerophysics
Development Corporaticn under U, S. Air
Force Contract AP 33(616)-2129. This is
the final technical report of the expsri-
mental performance anslysis carried out |
from June 1, 1953 to October 1, 1954 under

the research and development contract

identified by Expenditure Order No, ;
X506-230,
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i SUMMARY AND RuCOMMINDATIONS

An engine which has less weight than s plston engine »rnd which has

RS

1atill a relatively low spocific fuel conesumption 1s aesired as a pro-

pulsion system for helicopters. Hesults of a previous study (Cf. Ref-

erence 1) indicate that s new type of engine toermed "Multi-Jet" engine
ipromises to be an engline of this type and that a1 heliccpter powered
§with g Multl~Jet esngine will carry a greater paylosd than helicopters
powered with any other propulsion device. A Multi-Jet engine (see
Figure 1) producing a thrust of 150 pounds at & peak gas tempsrature of
3000°F was estimated to have a diameter of 6 inches, e length of 20

{inches, a weight of I3 pounds, and a specific fuel conaumption of 1.86

lbs/hour/1b thrust. (Calculated varistions of thrust and specific fuel
iconsumption with flight velocity are given in Figure 2,) On the basis
iof these promising calculstions, the experlimental verificstion of ths

!theoretical performance characteristics of a Multi-Jet engine was con-
!

sidered to be R useful undertaking.

4
&

F

The Multi-Jet engine 1s a wave (or pulse-jei; saglns similar some-
what to the Swiss Compex. It differs, however, 1n that the combustion
is carriecd out within the same chamber in whlch the shock compression
is currisd out, Ths Multi-Jet engine, described in more detail in
iﬁeference 1, is snown schematically in Figure 1. It pnromisss to bve

usaful particularly for applicetion to subsonlc vehicles such as heli- k

copters, subsonic missiles, target aircraft cir jet trainer aircraft, %

fin fact, wherever a low cost jst pcwer plant would have application.

The critical phass in the devslopment of the Multl-Jet engine is the

-~

development of an Jintermittent flow cycle whlch yilelds optimum thrust
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and specii'ic fuel consumption.

The evolution of the predicted performance was expected to occur

in the following sters:

1.

Develop an onglne wnich will operate on the Multi-Jet cycle
and which will produce high pesak combustion~chamber pressures,
The higher the peak combustlion-chamber pressure of the pul-
sating-type engina, the greater the ability of this engine to
producze a hlizh net turust, {This contractor has developed
@lready an experimental engine which has achieved combustion~
chamber pressures of approximatsly 6.5 atmospheres. Compare
thls pressure with 2.5 atmospheres, a typicsl pesk combustion-
chamrer pressure for usual pulss-jet engines,)

Time properly the several phasec of the cycle in order to
utilize efficiontlf the high peait combustion-chamber pressures
to produce a larpge average thrust., The high-pressure gases
should be exhausted in a rearward direction and parallel to
the engine center line; the lengths of the several phases
should be snort in order to produce a lsrze number of

impulses per unit time,

Phase properly the scavenge cycle to avold lovs of combustible
fuel-air mixture. Passing unburnsd fuel through the com-
bustion tube would lead obviously to a high specific fuel
consumption.

Inject fuel and mix it with the supply alr in a msnner such
tnat ¢ high combustion etiiciency is reealized, Once agsain,

exhausting unburned fusl would Isad to & hisnh apecific fuel

consumption,

& h.__l.iL:_... i
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During the present contract period, & test enzine (Multi-Jet Test
Engine No. 2) sultable for quantitative testing was designed, bullt
and instrumented for use ln thils engline-dsvelopment program. Since
setting up the instrumentation took longer than expected (the last in-
struments wers not put into operation until Junes, 1954 ) and since it
we3s not possible to obtain a clear understinding of the phenomena
within the engine until this instrumentstion was completsd, quanti-
tative testing was not initiated in time to complste gll of the above-
mentionesd four steps. During the last four months of the program,
nowaver, pe’k combustion-chamber pressures were lncreasesed ranidly snd

the equipment was found suitavle for vracise measurements of cycle

~pressures, wall temperatures, and engine turust,

After the test englne wus put into operation, the original core

 figuration of the engine was varied on the basls of tesat results until

operation on tie lulti-Jet cycle (including cyelic ignition of tha
frash charge by means of non-stationary surface combustion wich no
dscrease in combustion-tube wall temperaturs) was rewlizec. Further
modifications of this engine permitted operation at nilgher air-Ilow
rates (scavenge-pnase flow veloclties of approximately SUC feat per
second), =2lso with cyclic ignition of the fresh charse by means of
non~3tationary surface combustion with ns decrease in combustion-tube
wall temperature. Imphasis was placed tnen on tne improving of the
engine configuration in order to obtain high peak combustion-chamber
pressures. (Combustion«clhsmber pressure ratlos had not exceeded [ up
to this point in the program.) On the basis of conclusions drawn from

pressure-time dlagrams, engine changes were made until a conmbustion-

vi}
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chamber pressure ratic of ,5 was realized. (See Figure 3 for & summa-
ry of work performed and progress achieved.) Theoretical calculations

(Cf., Reference 1) indicate that pressure ratios grsater than § can be

achleved if scavenglny is complete, mixing of fuel and air is thorough,

burnins is compliete, an! gealln;: of Lhe combusticon~tubes ends with the
2 L&

valve blades 13 adeqg uts.

1

fMgure 4 shows a photograpls of the pressure-time diagram obtained

i

during: one ol tne most recent test runs. An investigation of the photo

Irepn s:owg: (1) & rapild rise of prec=ure as soon as the tube is

closed {tnhe double valve-timinc mark indicates the .ime when the tube
i1s only half closed) and (2) a high pressurs plateau indicating that
. combustion iIs completed and that the stay time of the mixture within
» the tube 18 to., long. It can be seen that the combustion time can be
reduced appreciably. Such & reduction should result i. a cenfiguration
that will producs a greater value of net thrust aud a lower velus of

specific fuel consumption,

TR

Results of the theorstical study (if. Figura 5, also Raference 1)

indicate that (for the combustion-chember pressures which were realized

L

G

ths engine 1s capable of producing a net thrust of 6.4 pounds per
square inch of the comoustion-tube flow area and = snecific fuel con-
sumption of 1,5 pounds of fuel per hour per pound thrust, Consequently

emphasis should be placed now on the following steps: (e) the develop-

TR o (L YA B ‘%“

iy o I IR A [ T s L) L] I L —— e

ment of an engine which 1111 use these high peak combustion-chambey

pressures In a manner such that & high net thrust is realized, and

37 0 B el

(b) the devslopment of an engins which will produce this high ne#%

thrust with relatively low fuel=flow rates,

|
L
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lt will be noted thst "irure 5 indicates zero thrust at a pressure
ratio of about 2.% and & raridly increasinic net thrust with increazing
pressure ratio. In this respect, the Multi-Jet engine is similar some-
what to a gas turbine, for which engine the compressor afficiency and
turbine efficlency must exceed s2t minimum values before net power can
be obtalined.

It {8 recommended that testins be continusd using the exlisting
test facilities for a period of one year Iin ordsr to continue the
devslopment of a Multi-Jet engine which produces a large net thrust
with a low speciflic fuesl consumption. O3Since no additional expensive
equipment is needed, the bulk of the expenditures would be for labor
and operatin; supplies. It 1s believed that a development program of
this type would produce & new type of engine suiteble particularly for
use in medium-range helicopters and would yleld new data concerning

non-stationary fluld rlows and surface combustion of combustible fluilds




L el )

S D RTALN @i om g

§

- . %] RS [ ] i rove & I, 5.5 L "0 Y 1N . [N .

B A O e =

' V

o ...___ _. AEROPHYSICS DEVELOPMENT CCRPORATION  2003-1-R5

PACIFIC PALISADES, CALIFORNIA :Oct, 1, 195k

e -k L L e 2 —

ABSTRACT

Work performed and results obtained under contract No,
33 (616)=-2129 are discussed. The test engine ccnstructed and
used during this periocd is described, along with the inatru-
montation provided for the tests performad. Test results are
discussed, Analyses of problems pertaining to Multi-Jdet
Engine operation are presented, Also discussed are tests
performed on the engine first constructed and used under the
previous contract (No. 33 {(616)-37). It is concluded that

date sulficient for determining a Multi-Jet engine conflgu-

retion suitable for quantitat ive testing has been obta ined, :
but that further information is needed before an efficient ;
configuration can be establisned. It 18 recommended that
testing of the present test engine bs continued for a period
of uns year,
i
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INTRODUCTI ON :
Prior td the beginning of the vresent contract period on June 1,

1953, & one=-vear preliminary-desi;yn study and performance analysis of

the Hulti-Jet Enrine (Reference 1) was completed undeyr Alr fcrce Con-
tract AF 33(616)-37. Under this contract a preliminary-desisn study
and performance analvslas of a Multi-=Jet Ensine sultable for application

to a helicopter rotor system was made, During this same period, ex-

ploratory exparimental tests were made with single cambustion tubes
which tests demons*rated satisfactorily (1) that surface combustion can
be initiated periodically by the hot walls cf the combustion tubes and .

(2) that some of the tested materials will withstand for extended
periods of time the effects of a peak gas temperature of 2500°F in con= }
Junction with the effects ¢f pulsating pressures, I |
On the basis of the analytical work carried out during the previ-

ous contract period (Reference 1) & test prosram aimed at verifying ex«
!perimentally the theoretical performance characteristics of a Multi-Jeﬁ j
"Engine was started. The first step in such & research program would bé
~to obtain experimental data upon which a predlction of the attainable
:performance of the Multi-Jet itngine described above could be based.

‘*his s tep includes the development of an engine confipguration (deter=-

;mined, ®.F,, by size of valve ports, tube lengths, and tube diameters)

ME B EE UE EN =N W

.which operates on the Multi-Jet cycle, produces net thrust, and lends

;1tself to quantitative testing. The s econd step would be to investi=-

‘gate in detail the confifuration chanpges that affect the performance,

"hese counfiguretion changes include charges in the valve~clearancs di=-

1=
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-mansions;'thdmﬁapidity with which tha valves open'and close, and the

cosbustion tubs dimensions (lenyth ana ulametsr),

Tha followine information was obtuined froem tesils conducted

RO :
arine this contract period: (1) measurement ol combustion-chamber

prassure ay s function ¢l time} (2) meassurement of mean fuel and air

flows; and (3) measurement of net thrust. From the above measurements,

pesak cycle pressure ratios, spscific fuel consumption, and thrust per
.unit flow area of the sinsrle tube were culculuted,

#lyure 3 presents a sunnary of the work performed and the pro-
_fress aschieved duriny tns past 1. months. The design of Multi-Jet
Test bnyvine No., 2 (which 1s the engins used to obtain the experimental
.pcrformance data) and i3 associauted eguipment is described in S$ection

II, “he instrumentatlcn is :desscribed in Section III. Section IV in-

cludss {1) the description cf tests carried out on Multi-Jet Test

Enpine %o, 1 (which isg the enpine courstructed during the previocus con=-

tract perlodj; (2) the .escription of the tests on non-stationary sur-

the tests carried out on nulti-Jet Test fnsine No, C.
Analytic studies of (1) the burnins of & fuel-sir mixture en-
closed in a cylinder; (2) non-stationary non-viscous flow; {3) the

effects of viscouslty on certain non-sgtationary flows are discussed in

' Ssction V,

The appendix includes a detalied descriptlion of (1) the slectronic

circui*s used in the instrumentation ¢f Multi-Jet Test Engine No, 2

and (2) *tne tests performed with Test Engine Yo.

2
S

I , face combustion carried out In tar shock tube; (3) the description of
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’ SECTION II il
MULTI=JET TEST FNGINE 0. 2

A Multi-Jet ensine consists essentiaiiy of a matrix of many small

oulse~jat tubes equipped with valves which'contrél ‘the openiny and
closing of the inlets and outlets of these tubes (Cf., Figure 1; also ‘
Reference 1}. Since each of these tubes acts independently of every
cther tube, the performance of this enfine may be obtalned by deter-
minings the performance of a single tube énd then summing to thain the
performance c¢f the complete engine, Lulti-Jet Test zngine No. 2 was

constructed for the purpose of determininy the performance of such a

single tube.

Test Engine Ho. 2 contains & single combustion tubs mounted be=- :
tween two rotatinc-plate valves. This engine was desiypned so that the
"effect of variations of the following parameters on engine performance
coull be determined:
1. Combustion-tube dimensions {(lengths from & to 15 inches, dia=-
mets. 3 from 1/4 to 1 inch). : f
i 2. Cycle frequency {(determined by the number of ports in the
valve plates and by the rotor speed).
3. Relative length of the several periods of the cycle (deter-

mined by the relative size of the ports in the valve plates

18

s
S0P

i and by the phase angle between the two valve plates).

o i

: L. Area of openings in combustion chamber durinsg combustion f

ol

LR e
ol S g

phase (determined by the clearances betwsen the combustion-

LN e

tube ends and the valve plates).

3’- l".‘ -h R

zIt was possible to vary the cycle fregquency (as a function of rotor

4
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! . .
I speed) during a tes! psriod. he remaininy paramsters could be

é chanpred only betwear tests when the eniine was not op:rating.

' Rotating~p1;€e valves (Figure 6 and 7) were selected for use in
this engine because . of their simplicity and efficiency (Cf., Ref. 1).
. This valve system consists of a rotor snaft upon which two valve |

plates contalining four ports each are mounted (each rctor revolution

- ¢orresponas to four cycles). Since the alr for this test englne was
supplied throurh a pipe connected to the laboratory air-supply system,
t was necessary to prevent the lcss of supply air by enclosing the

front valve plate within a housing and by installing rotating seals

between the valve-plate housing and the rotor shaft., A rear valve-
| plete housing was also used in the initiel tests, but since it was
found to serve no useful purpose, it was later discarded. The rotor |
;shaft, rotor-shaft bearings, valve plates, and valve-plate housings of
this engine are pictured in Figure L. (The front valve plate and
housing are shown exploded while the rear valve plate and housing are |
- shown assembled.) Note that by sliding the rear valve plate to the
appropriate point on the splined rotor shaft 1t was possible to adjust

the distance bestween the two valve plates soas to correspond to the

lensth of the combustion tube.

ands and the valve plates to any value between 0 and 1/16 in, Pre-

2 L

1.5

ceutlions were taken to Insure that® these clearances could be adjusted

accurately and held riridly for a piven test. Spscers having ends ' %

, parallel to within one minute were used *to hold the valve plate faces

parallel tc the faces cf a hub and these hub faces were ground perpen=-

I : Provisions were made for adjusting the clearances betwaen the tube
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Figure ¢, Velves and Rotor Shaft of Multi-Jet Test
Engine No, 2




1

1

vider .

- motors, in order to measure the net thruat directly. !Howevar, since

~and burned out during the longs testing periods, Consequently, this

" coerporating a Veridrive manufactured by U, S, hotors, Since the |
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dicular within onc minute to the rotor-shaft center iine. [acllities
ware provided Tor passins water thro'yh passages In the valve plates

and in thelr housiny -, sincs it was expecia2d that water ccoling would
be reguired in order to prevent distortions due to loculized heatin-, |

Tests indicated, however, that it was not necesssry to cool the valve

plates or the front valive-plate housing, and consequently only the fors
ward portion of the aft valve-plate housiny {(thet portion which was noq

!
discardud as noted above) was water cooled.

The orirfinal valve=drive systewm included two war-surplus 2L-voit

90-ampere intermittent-duty aircraft-type dc motors slung beneath the
test engine. Thesse drive motors received electricel power from a war-:
surplus 2lj-volt 2CC-ampere aircraft-type dc generstor driven by a 10- |
horsepower ac motor. *Hechanical power was transmitted from the drive !
motors to ths rotor by a V belt, The angular speed of the drive
motors was controlle:l by varylng the generator field current. This
current was supplied by a eommercially avallable 12-volt wet-cell
battery charger, and the output of the battery chiarger was controlled

by resulating its ac inpu* with a commercially available voltage di-

The alrcraft-type drive inotcrs were chosen because their light

weight sllowed the floating of the entire test engine, including drive
these motors were :iesigned only for intermittent duty, they overheated

rotor-drive system was replaced by a varisble-spesd drive system in-

-7~
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"welrht of the veridrive prohibited slinging it below the test engine,

it was decided nct to mous e the net thrust of the engine directly.

- The eliminatlion of this mcrasurement was not serilous, hiowever, since
. the inlet- and exha:st-impulss targets were calibrated satisfactorily.l
i
Attachment of the combustion tubes to the valve-plate houslings ]

was accomplished by screwin,- the tubes into flanyred end fittings and i

then boltine these end fittings to tihie valve-plate housings (see
Figure 9). The front end fitting consisted of a single solid plece of

metal, 1.e., relative motion between the front end of the tube and the

front valve-plate housin: was not permitteds The rear end fitting, on
the other hand, consisted of a flanyed portlon and a threaded portion,
and these were l!esigned so that tne threaded portion could slide axi=-

ally within the flanged portion, 1.e., relative motion between the

This arransement permitted the combustion tube to expand as it was
heated. “he resistances of the neat paths between the tube end fit-
"tings and the valve-plate housing were increased by decreasing the

‘contact area between the fittinys and the housinfs. Increasing these

reasjistances reduced the hont transfer rate and increased the tempesra-
- tures of the tubqz -ends durins the tests., A photograph of the combust-
" ion tube showin: the hirh frequency pressire rage, the c¢low pluy, and

the flanged end-fittinfFs 1s shown in Fijure 9,

: The walls of a multi-Jst engine combustion tube must be heated to é
ia required minimum temperature before the ensine can be cycled using A

\ A
isurface combustion to ignite the fuel-uir mixture during each cycle, : :
i This required minimum temperature can te obtulred by any one of three o

| .rear end of the tube and the rear valve-plate housing was permitted,

afe-
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Figure 9. Conibustion Tube, Flanged End Fittings,
Pressure Gage and Glow Plug
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means: (1) bty holding a flame ahead ot the tube inlet and passing the:
hot gases through ths tuba with the valves held in the open josltion;

{2) bv operatins the on:rine at reduced air-flow rates and ifnitins the

at reduced air-flow rates and irnitingy the fuel-alr mixture by means

of a glow plusy (rather than a spark plug). "he third me’hod was found

|
i
|
fuel-air mixture with a spark plug; and (3) by operating the ensine !
_i
i
i

to be more satisractory than the first twoc. “he first method resulted.
in slow heating of the combustion tubte, unnecessery heating of the in-g
let valve, and partial obstructing of the air-supply duct. The seccndi
me thod also resulted in slow hieating of the combustion tube since the }
frequency of spark discharge was not hiivh enourh to igrnite the fuel-
- alr mixture durin; every cycle. i
Air-flow rete was computed from the measired pressure drop &cross|

;a sharpesdsge orifice deslgned in accordance with specifications of the

American Standards Assoclation., In order to simplify the calcuhationSﬂ
. the air-supply line was arranged so that the pulsations set up by the :
' engine were damped out besfore they propagated upstream to the metering
orifice. The damping was accomplished by a surge chamber (the inlet

.1mpulse target) and a throttle valve installed between the orifice and

the engline. A given throttle-valve settings held the air-flow rate con-

stant aince the averare pressure downstream of the throttle valve did

not vary sppreciaebly duriny a test, and the pressure ipstream of the |

i throttle valve was held conatant by a pressure ragrnlator in ths air-
| supply system,

|

)

Several mathods of introducling fual Into the combustion chambey

' were consnidared: (1) steady Injection of fusl Into tha alr-supply duct

210~
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at a point far upstrean f{from the cunsrine where the air-flow rate is
steady; (2) injection <f fusl st & counstant osupply pressure directly
into the combustion chamber at a point immediately vehind the inlet
rvalve; (3) vperiodic injectlon of rusl idlrectly into the combustion E

chamber; (l}) steady Injection of fuel into the alr-supply duct at a

point immediately uostrean from tha inlet valve; and (5) pertiodic in- |
jeetion of fuel into the nir-supply duet at a point immediately un- i
stream from the 4inlat valvae. Perlodlc injection at the high cycle i
frequencies which were roalizsd was considered impractical. Steeady g
injection at & voirc upstrean from the inlet vd ve was acccmpanied by ;

flame holdin;- and by bturuin~ within the inlet valve<plate housing, and

this metliod was also considered unsatisfactory., Consequently, the
second method was used during most of the tests, even though the possi«

bilities existed that fuel-air mixing was not complete and that some

fuel was wasted, Note that the pressure verisatliong within the combus~

tion chamber were such that the fuel-injection rate was greatest dure

Iing the scavenpe phase and smallest duriny the late portlion of the

combustion phese and the early portion of the exhiaust phase. Fuel-

flow rates wers measured with a [Pischer-Porter flowmeter. The propa-~

ration of pressure fluctuations from the combustion chamber to the

flowmeter was prevented by the dampiny action of the pressure drop and

the volume in thse fuel-supply line, A dlayrsm of the air-flow and
fuel-flow lines is given in I"irure 10, ;

The tima-evarared 1.pulse of the entering and leaving fluids was

' meas red directly., Two mathods exlst for the determination of these

" impulses: (1) the time-averaged 1lmpulse may be measared directly with)|

]
1
. :
.- | ;
, ;
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' the aid of impulse targets; and (2) velocity, temperature, and pres-
" gure profileos may be measured as a functicn of time, and the time~

averared lupulses may then bo calculated from these measured qusnti-
ties., “he first of these mcthods was used in the present study since

1t apreared to be the sl:iplest of the twe exlsting methods. The two

i
!

?

i
lmpulse tarpets were mounted on two separate sets of glycerin-supported

pontoons in order to minimlze measurement orrors due to friction. The
arrangement of the tour carriers for the inlet iwmpulse teryget 1s pic-
tured in t'irure 1l. *ach cerrier consists of & tank, a float, and the
. glycerin needed to fill the space between *the tanx and the float.
Moticn (in a direction purullel to the enrine axis) of the floats re-
lative to *the tanks 1is restricted by stra¥ﬁ-rare force pickups as
shown in rirure 12. A photorraph of the strain-gage force pilckup is
shown in Fipure 13. The original exhaust impulse target is shown on
the left in Figure 1. Calibration of this tarret indicated that it
"did rot function properly. Satiafactory results were obtained, how-
ever, after a flat plate covered with fifteen layers of wire net (see
i Figure 15) was installed in place of the origina) aft impulse target,
This flet plate 1mpulse tarpet was designed and installed according
to the information obtained from leference 2. A photosraph of this
. tarret mounted c¢rn 1tas carriers is shown in figure 1l6. Tn order to
prevent the destruction of the exhiaist tarret bty the exhaust gases,
. water was run over the ralvanlzed steel wire mesh covering the target,
This water was turnsd of f momontarily when thrust ‘easurements were
made .,

Alr was supplisd to the inlet irpulse tarpet (Picure 17) through

|

i
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Figure 11, Carriers for Inlet Impulse Target
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Figure 12. Mounting for Strain Gage Force Pickup

Firure 13. Strain tage Force Pickup
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Figure 1., Layout of Multi-Jet Test Engine No, 2
and the Impulse Targets
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1 Figure 15. Exhaust Impulse Tarsget

o

Figure 16, Exhaust Impulse Terret and its Carrier
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two large flexible hoses arranged so as to uirect the wir into the
tarpet at richt ansles to the engine axis. A flexible alr-ticrht ccn-

|
i
nection was reqguired at the Joint btetween *he inlet vaolve-plute Rousiné
|
{

rand the 1inlet impulse tar~si in ordsr to permit unresstricted moticn of?

i
the inlet target with rasgpect to the sangine without incurring any loss:

of supply air. ™"wo types of flaxible joln® were considersd: (1) a

fiexible metal tellowa, and (2) 8 diephrasm=-tvpe bellows incorporatiny
8 rubbar-impre;nated cloth dianhrerm. A metal btellows heving guffi- |
cient flexibility could not e found, and consequently the sacond type

of tellows was used. ‘“™hlg tellews ceonsisted of A ¢lrculsr diephrarm

with o hole cnut in the center. The outer neriphery of the disphragm
was attached *to the Inlet valve-plate housing, and the inner periphery'
was asttached te the inlet i pulse tarret (Fipgure 16). The pressure
force acting on the dieohragm was balanced by two rasctions ~-- cne
reaction acting at each periphery of the diaphrarm. The marnitude of i
sach of these reactions was related analytically to the magnitude of |
the pressuro force acting on the dlaphrarm. *=ince the reaction on thel

inner pev phery was transmitted to the strain-rare 1'orce pickup

gtracred to the inlet imp.lse can, tne marnitude of +this reacticn was
1% ’

. calculated and then subtracted from the meas red {orce con the inlet

R

impulgse taryet In order to obtain the maynuttude of the inlet impulse, [
™is system was calibrated by upplying a known pressure to the inlet

tarret while the sir flow to the enrine was blocked off, Tue result-

imental error., Checks with pulsating flows of cold air indicated that|

]
inf emnlculeted reaction force equaled the mnasiresd force within exper-|
the 1nlet-1imp:lae meagaremsi e were accaraete within six percent. ;

|

18-
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: A diagram of the ~nrine, showin; the arrangement of the impulse
§rarra*s, force rin:. s, pontoons, combustion tube, and drive motore, is

Egiven in "irure 19. A photorraph of the en~inc is showm in Figure 20,
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U

i Figure 20, Multi-Jet Test Engines No. 2.
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INSTRUMENLTATION FOR MULTI-JET TEST ENFINE NO. 2

3,1 Introduction

! SuCTION I1X
I

i

I

|

| 'or use in conjunction with Test Engine No, 2, instruments were
|

"assembled which facilitated (1) the development of an engine which

cperated on the Multi-Jdet cycle, and {2) the obtuining of the ver-

. formance characteristics of a Multi-Jet engine. (See Section 4.3 for
details of the program otjectlve.) The engine-development phase re-
‘quired that combustion-chamber pressures be measured and related to
the valve-~cpening and valve-closini© times; the performance-testling
iphase required that the englne thrust and fuel consumption be measured
accurately,
Tne fcllowin. gquantities were determined from measurements mace
‘during the tests:
1, Pressure in the combustion chamber
; 2. ’"npgular speed of the valve plates
3. Anguler position of tne valve plates
L. Relative length of the several phases of the cycle
5

;. Forces acting on the impulse targets

6. Rate of fuel flow

7. Rate of air flow

8., Temperature of the combustion-chamber wall
9. Temperature of the valve-plate housing
10, Tempersature of the rotor bearings

11. Temperature of the high-frequency-response pressure pickup.

Pnotographs of tue instrumenti panels are included in Figures 21}

-2l -
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' and 22, Detailed descriptions ot the electrical clrcults employed in

. the instrumentuation used in the Multi-Jet tests sare contajined in the

_Appendix,

Providins instrmuentation for meacuring combustion-chamber

|

i3.2 Measurine Combustion~Chaisber Pressures

|

|

| prescures as & function of time wes one of the most difficult (and

!mcst importrnt) of the instrumentation problems encountered during
Ethis vro.-ram, Altuough zeveral rood nrecssure plckups wers avallable
i commercially, mocst of thiese were not sulted for this test program

. because they 214 not meet all 2f the followin: requirements: (1)

i measura rrescures from O to 180 psii; (2) respornd accurately to

frequencies from 0 to 10,000 cycles per second; (3) function properly

with the diaphra;m exposed to xazes at 3000°; znd (l) possess a

diaphragm with dliameter smalil enourh to permit mounting of the plckup
:diaphragm flusn with tne iuside of 3/3-in. combustion chamber, (It wag
' nacessary that the Ziaphragm be mounted flush with the inside of the
i combustion chamer in order to avoild introducing on the combustion-
chamber wall irregularities which would reflect vressure or expansion
waves passin, axially throuch the combustion chamber. )

A 1lj-mm-diameter water-cooled variabtle-capacltance-type pressure
pickup (Cr, Ref. >) menufactured by Photocon Research Products of

m

Pasadena was sulected and used. Tanls plckup has a free-dliaphragm

diameter o!f approximately 3/3 inch. Although a amaller free-diaphragm

diameter wus desired, thie picknup was acceptable for investigating

press:ures n the larre combustion tubes (in those tubes lLaving di-

amaters eqial to or .reater than 6/6 inch) end in the square tubes,

T, =
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l Althoush pressure pickups of thlis type had been used frequently in
i
!piston and rocket-type engines, tne problem of nholding pickup component
!

temprerstures st a safe level durines use on a Multl-Jdet combustion tube

proved relatively difficult. Test durstions were greater than are

encountered in rocket engine tests; combustlion-chamber wall tempera-
- tures were higher than sre encountered in platon-enzine tests. Conse-

quently, the pressure plckup was Gamaged by heat on several occaslons

cgurings: *he test program. The problem wes solved by modifying the

coolins system so that water could be passed through a Jacket sur-
‘rounding the plckup as well as througih hocles venetrating the diaphragm,
and tne nickup was used in subsequent Multi-Jet tests wilthout further |
heat damage,

The electrical cutput of the pressure pickup was fe¢d into an

engine revolution by instruments measurinzg the angular pesition of the
valve plates, Thus, I1f the engine was firlng regulerly, the oscillo-
i scops beam would continuously retrace its path, and a statlionary

pattern woculd register on the osclilloscope screen. fFhotographs could
E be taken of this screen in order tc provide permansent records of the
i pressure-time dlagram.

This pressure pilckup was calibrated neriodically during the con-

tract period. Shortly after the pickun wes received, it was installed

in the wall of the shock tube (see Figure 28, Section L.2), and its

response characteristics were checked. The rapidity of response and

the damping were found to be appropriate for the present applicstion,

Shock weaves having known pressure ratios were passed over the pickup

e e e e

=27
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! roscilloscope whose sweep was triggered at the same point during each
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diaphra,m, and the calibration curve obtained in this manner was
compared with the calibration curve obtalned by applylng static
pressures to the diaphragm. Since thess two callibrstion curves arreed

within the 1imits of erxpected experlmental serror, subsequent cali-

. brations of the hiph-freguency~response pressure plckup were obtained

by applyin: only static pressures to the dlaphragm.

, 343 Deteruinins Angular Speed and Angular Position of Valve Plates

in order to facllitate the development of an engine operating on |

' tne Multl-Jat cycle, means for determining (1) the valve-opening and
veilve-closin- Limes relative to the several portions of the pressure- ’
time dia-rem and (2) the cycle frequency must be available. Conse-

cquently, instrumsntation for obtaining these data were selected and

It was decided to relate the ar.ular nositions of the valve plated

with the several portions of the pressure«time dlagram by dimming the

oscilloscope beam whenever the valve-plate rcoctor reachsd a specified

angular position. This dimming was mccomplisned as followe: A

Frer

HE NN NE BN Il NI M BN BN N D & BB M W B O ww -

variable=-reluctance magnetic impulse generator was attached near each

valve plate in such e manner that the generator could detect the

Ve ey =y

paseing of the leadiangp ard traillng edges of tnhe valve-plate blades,
and the pgenerator signals were timed (by locating the generator ap=-

propriately) sc that the oscilloscope beam was dimmed four times during

each engine cycle -- once eacih time that either end of the combustion

tube was halfl open or half closed. A determination of other rotor

T

postions (e.p., the time when the aft end of the combustion tube begins!

to oper) could be aceomplished by interpolating linearly between the

known lccations. :

L)
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It was necessary to differentiate between the four signals belng
sent out during each engine cycle, i1.e., it was necessary to determine
: which signal belonged with which valve-plate position. This differ-
sntation was accomplished by m2king one 2f the signals longer than

the other three. A photograph of the oscilloscope beam trace, showing

the four signals sent out by the valve, 1s presanted in Figure 23.

| For convenlence in observing the pressure-time diagram, pro-
vislons were made for starting the sweep of the oscilloscope beam by
means of one of the above-mentioned valve-position signals.

The rotor speed (related directly to the cycle frequency) was
obtained by measuring the impulse productlion rate of the impulse gener-
' ator. This speed was indicated by a voltmeter and recorded by a re-
cording potentiometer,

3.4 Recording, Storing, and Reviewing Combustion-Chamber Pressure-

] e ] (3, ] fr i SO — [—
L

Time Histories

Ih order .to facilitate the test program, 1t was desirable that a
record of the combustion-chamber pressure vs. time varlations be
obtained for reference use after tlie completlion of sn englne tesst.

The oscilloscope-camera records were not sufficlent for this purpose
since photographs of this type could be taken only periodically.
Consequently, a tape recorder was purchased and used to record the
desired pressure-time hlstories, The tape recorder selected possessed
characteristics which permitted (1) the recording of absolute as well

a8 relative pressures and (2) the superposing of impulses indicating

Pt ST SO R 5 3 S

valve-plate position on the pressure-time record.

In order to determine the magnitude of pressure-pickup output,

!
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Oscilloscope Trace Modulated
Timing Marks

Fipure 23.
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equipment whicn permitted the recording of known calibratling voltages
on the tape was assembled, and the output of the high-frequency-
response preszure pickup was compared with thesse known calilbrating

voltages,

Data obtained during motor tests and stored on the tapes were re-

viewed by playing back the rscoxrd and feedlng the output of the player

into &n oscilloscope., In this manner the pressure-time diagrams and
the valvs-opening and valve-closing times could then be reviewed

i visually, and photographic records could be made by photographing the
oacilloscope screen,

3.5 Measuring Tempersatures, l'orces, and low Rates.

Instruments were provided also to facilitate the recording of deta
' from which quantitlies such as engire thrust, fuel-fiow rate, air-flow

;rate, and miscellaneous temperatures were calculated.
i
i

#orces on the impulse targets were mesasured by means of force
:rings which incorporated stralu-gage bridges. (Special force rings

(1)

were fabricated to ADC specifications by Micro Test Inc. ‘of Los
Angeles, California.) The outputs of -these force rings were recorded
on a =23lf-balancing recording potentiometer, and the net thrust was
calculated by subtracting the magnitude of the lnlet impulse from the
magnitude of the exlt impulss,

The fuel-flow rate was measgured with & Fischer-Porter flow meter.

The temperature of the fuel in the flow meter was measured with the

TE R A

(*)Micro Test Inc., 657 No. Spaulding Ave., Los Angeles 36, California
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aid of a copper-constantan thermocouple, and the pressure in the meter
was measured with ¢ dial manometer. Corrections to the measured fuel-
flow rats were made for fuel temperature and pressure deviations from

standard conditions.

The alr-flow rate was measured with the ald of a sharp-edge

iorifice designed in accordance wlth American Standards Association

'by a water manometer; pressure upstream of the orifice was measured |

|

|

;

lspecifications. Pressure differentisl across the orifice was indicuted
|

| with a Bourdon~tube gage; and temperature upstream of the orifice was
imeasured with tne ald of a copper-constantan thermocouple.,

Temperatures of the rotor bearings, the valve-plats hcusings,
and the base of the high-frequency-response pressure plckup werse
rmassured in order to determine whether or not these temperaturss were
' being held within saefe limits, Chromel-alumel and coppsr -cotistantan
" thermncouples facllitated these measurements,

he tempersature of the combhustion-tube wall was measured in order

to determine the relationship hetwsen this tempersture and combustion-

tube wall surface-ignition characteristics, Platinum and 87%-platinum
13%-rhodium thermocouples were used for these measurements. All

thermocouple outputs were recorded on self-balancing recording potentio-

|
I |meters.
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SECTICN IV

EXPERIMENTAL TE3TS

L.l Experimental Tests Involving Multi-Jat Test Zngine Nc. 1.

l Since sevaral questionsn of a qualitative nature relating to the
;operation of Multi-Je! test sngines remalned unanswered ot the begin-
Tn'lm' of the present contract period, esnd since multi-Jet Test Engine
!No. 2 was not scheduled to be put into operation until the seventh
month of this contract period, Multi-Jet Test Engine No. 1 was re-

sssembliad and subsegusntly used in qualitative studies related to the

Multi-Jet engine development progrum. The simplicity of this engine

, facilitated the quick obtainment of useful qualitative answers. How-

‘ever, this simplicity, togethsr with the lack of adequate instrumenta-
.ticn, alsc precluded the extractlon of accurate quantitative data, A

photograrh of Multi-Jet tngine No., 1 13 shown in Flgure 2. Figurs 25
. shows the engine togather with its control panel and safety box,

In tests performed during the previous contrect period, the coum-

Ebustion-chamber walls were heated to the minimum temperature rsqguired 3
!for initiation of surface combustion by passing a burning ethylene= i
air mixturs through the combustion tube while the valvesg were neld in
the open position. Since this method was slow and resulted in undas-

sireble heating of the 1inlet vslve, the feasibllity of operating the

enrine with spark- or glow=-plug ignition and with reduced air-flow
rates in order to heat the combustion-chaumbar walls to the minimum
temperature raquired for initiation of surface combustion was investi-

lgated during the present contract period, Tests indicated that satise

factory heatings was obtairned with both tynns of plugs but theot moro ‘

ma ®EA @ Suy TN EEN @I IR o B 29
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Figure 24, Multi-Jet Test Engine No, 1

Figure 25, Multi-Jet Test Engine No, 1, Its Con=-
trol Panel and Its Safety Box
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‘rapid heating was obtaired from rlow-pluy lgnition (2 continuous igni-

. tion scurce) than trom sparkeplus ignition (en intermittent igniticn
. source), ulow-plug ignition was used therefore during the tube-hsat-
ing period in all tests made with Test kngine No. 2.

The original volume between the front valve plate ani the front

valve=plate housing of Test ingine No., 1 was L5 cubic inches. During |

operation of the enpine, a combustible fuel-air mixture entered and

burned within the front valve-plate housing, heating the front valve

' plate and the neirhborins engine components to excessive temperatures.
;Althourh experimental evidence was not avallable due to the lack of |
adequate instrumnntation, 1t 1s beslieved thut this burning in the
front valve-plate housing appreciably impaired engine performancse.
™he burning within the housing has been eliminated by reducing the
volume between the valve plate and the valve-plate housing.

, Criginally, the combustion tubes were mounted in and attached to
. the rest ol the engine ty means of hirh-temperature-resistant refrace

tory cements, It was found, however, that theuse cemented joints did

G 3N ME VR GE B B B ED WE I D e s

; T
: 4
‘not wlithstand the pressure torcses encounterad curing tho snginse tests. g
| 3
| Consequently, a new technique for mountin,. the tubhes was soucrht, and ;
|
{threads cut into the ocutar surfaces at the ends ¢! *he [atamic tubes
' were found to be satisfectory. Axial expans'or of the tubes was per-
mitted by allowinr the collar into which the aft end of the tube was é
i A
| screwed to slide (with only a small clearance) relative to the rear- -
I vaive=-plate housing, é
i It was found elso that Metamic may te cut, drilled, end tapped %
l: o
i + with standard metal-shop tools and practices, a desirable pronerty.
i g
I | 35 é
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&4 combustion tube constructed from a round Mhetamic tube 1s shown in
"Tipure 26. It shows the ends thr-aded to receive the flanped end fit-
tings, the Q.60 inch :iiameter hole drilled to receive tha high fre-

quency pressure pickup with a milled flat portlon to recelve the base

(1 %} [T REEm.

of the pickup and a 1/4 inch hole drilled and tapped to receive the

Flow plug.

Combus ticn-chamber wall temperatures of 2700°F have besn attain-

ed without sny apparent datrimental effects on the detamic combustion

‘- i
" tubes, and peak combustion temperatures have been obviously hirher. l

 This property 1s also deslirable, since calculations indicate that high|

B B & s

thrust-to=welght ratios are obtainad if high veak combustion tempera-
tures can be utilized.
It has been noted that Test Engine No. 1 operated more satisfac-

:torily with a combustion tube having e cross-sectionsal area of approxe-

imately 0.30 square inch than with a tube having a cross-sectional

| area of approximately 0.25 square inch. Similsar obseorvations were

made while operating Test Engine No. 2 (Cf. Section L.3).

i In another investigatiocn, a commercial high-frequency-response

water-cooled pressure plckup was mounted on the combustion tube., The

K BN I B
LAP IS & 3 :

' water cooling was found to bs adequate when the combustion-tube wall

, was hoated to 23C0°F. The pressure pickup was ettached oripinslly to

A
Lo

fthe Metamic combustion tube by means of bolts screwed into holes tap=-
{ ped in the combustlion-tube wall, However, these screws melted at nigh
combustion-tubs wall temperatures. Attaching the pressurs pickup to
the combustion tube by means of a stainless-steel U bolt eliminated

| this problem. When the preasure pickup was mounted on & 5/6-1inch-
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i
Figure 26. Metamic Combustion Tube )
!
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diameter combustion tuhe, a gas~-tight seal between the pilckup and the

PACIFIC PALISADES, CALIFORNIA

combuation tube was nov malntained. A gas-tigsht semal was mainteined,

howaver, when ths pickup wes mountsd on & square tuve. (The square
combustion tube permitted the use of plane joints, 1In Test Zngine No,
2, when the pressure pickup was mounted on the l-inch-diameter tubes,

“a flat surface was milled on the tube wall in order to allow the use

of plane joints.) Springs wnich were inserted between the pressure-
pickup flange and the tle-down nuts held this flange against the com- .
bustion tube even when the metals in the several components of the
aszsembly expanded nonuniformly.

: The feaslbility of operating this engine with liquid hydrocarbon
Ifuel has been investigated. After installing a pneumstic atomizing
nozzle immediately upstream of the front valve, the engine was cycled
using kerosene which had been atomized by the nozzle as a fuel, In
order to heat the combustion-chamber walls to a temperature which woulg
sustain surface combustion, the engine was cycled burning an ethylene-
air mixture ignited by a glow plug. It was possible then to substitutldg
a liquid fuel (kerosens) for the gusccuz fuel (ethylene) and to cycle
the engine turning a kerosene-air mixture ipnited by the hot combuse
tion=chamber walls., Tests indicated, however, that, In ordsr to sus-
taln surface combustion, a higher wall tsmperature is requirsd with

kerosene than with ethylene,

Tests have been made with a clover<leafl rsed valve and & venturil

wA T

carburetor inetalled at the inlet end of the combugstion tube. With =a
| elover-1saf reed valve locataed at the inlet end of the combustion tube

and & rotatinc-plate valve loceted at the axhaust end, the adjustment
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. of the compression-phase and combustion-phass length ratio and of the

- sxpansion-phas: and scavenge-phase length ratio is accomplished auto-

:forces. It was anticipated that this automatlic proportioning of the

'phase lenprths would facilitate a determination of the vhase lengths

mptically by the reaction of the clover-leaf reed valve to pressure

permittling static operation of the ensine and yieldinis optimum specifid
fuel consumption. It was antlcipatod also that ths carburetor would

eliminate the need for manuel fusl-flow control. Preliminary tube-

wall heatiny using a gaseous fuel (such as ethylene) and a continuous
"igniticn source (such as a glow plug) was found to be unnascessary,

Heatiny of the tube walls with a liquid fuel (gasoline) and an inter-
.mittent ifFnition sourcs (spark plug) was accomplished satisfactorily.
Manual control of the fuel-flow rate was found as expected, to be un-
fnecessary. Yressure-time diagrams of the type‘reproduced in Figure 27,

smphesizing that the length of the combustion phase could be decreased

appreciably below the lengths previously used, have been obtasined, In

Figure 27, vressure increases downward while time increases from left

i to rirnt.

:u.Z Test zquipment for 2tudying Non-Stationary Surface Combustion,

i
|
: The combustion pvhase of ths hulti-Jet engine cycle was found to
ibe the most difficult phase tc analyze theorstically. Moreover, no
!detailed infformation concerning the ignition and burning of a combus-
:tible mixturs which has been brourht suddenly intc contact with a
heated solid surface was found in the available litereture, Conse=

‘quently, the length of the combustion phase (and the conditions which

would favor rapid irnition and rapid burning) could not be predicted,
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‘ tached to & shock tube, The shock-tube is pictured in Figure 20.

‘ard stesl squere tubln;, which had been used (Cirst to calibrate the
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This information would be extremely useful, however, when developing
an engrine of the Multi-Jjet type, and therefore, equipment for studying
exparimentally the ignition of a comuustible mixture which hss been

brought suddenly into contact with & heatad s0lid surface was assem-
The tesat facilities consisted essentinlly of a test section at-

(Both the shock tubs and test smection pussessed square cross~-sectional
areas.) A heated surface (ean electrically hesated nichrome strip) con=
stituted the lower Inside surface of the test section, and the two
sjides of the section were comprised of observation windows. (See
figure 30.) Thse hirh-prescure side of the shock tube contained com-
pressed air, and the low=pressure side contained a combustible fuel=
oir mixtura, The combustible mixture was accelerated and passed over
the heatad surfsasce bty the action of a shock wave generated within the
shock tube; The wave diagram is shown in Figure 32, The rasulting
phencmena were photosraphed employing three techniques: (1) high-
speed photorraphy, using a steady arc 1light and the schlieren techni- :
que; (2) snap-shot photography, using a spark light and thes schiieren
technique; and (3) hirh-s;eed photography, using lirht from the flame
itself. The schlieren system is shown in Fipure 29.

Most of the equlpment used in conjunction with the shock tube was
constructed origin:lly as part of the instrumentation for Mmulti-Jet

Teet Engine Lo, 2. The shock tube itself was constructed of a stande
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Figure 30, Test Section Showing the Heater Strips
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Figure 31, 3park Schlieren Photourrsph of the Flame
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The success of the Multi-Jdet rncine (as for all constent volume
combustion engines) depends to & large extent on the existence of vory
rapid burning. VYuring the preliminary design studies (Cf., Reference
No., 1) it was decided to use the surface combustion pheromenon in
order to irnite the fuul-air mixture and burn it rapldly. It was
assumed that as the combustible mixture moved Into the tubs the hot
combustion-tube walls would heat those layers of the mlxture adjacent
to the walls to the igniticn point. “+he mixture would burn then with
a ¢vylindrical flame travelliny radiaily inward, 3uch a flame would

have to travel only throusrh the radius of the tube. “he mixture that

entered the tube first would be ipgnited first, and an oblique flame

front would be formed at & small angle o( with the combustion tube

wall., A sketech of this phenomenon is shown in “igure 33. A number of
ques tions which aross could not be answered analytically., It was
necessary to know (1) the conditions under which ignition of the fuel-
air mixture would occur and (2) the

time-dependent shava and lccation of —~— FRONT EDGE CF

I U REL
i

\HEATED SURFACE

the flame front so that the Multi-

= FLAME
Jet combustlon-tube confifuration T 2 S e
| |MixTURE ; .
could be dstermined., It was neces- s ,Jrl”/
T Y(
sary also that the fuel-alr mixture 77| T
=z

be iFrnited bsfore the combustion

tube was closed and that it be al- FIGURE 33 FLAME FORMATON
lowed to burn or:ly after the tube was closed, A large value of com=
bustion tube lenpth as compared with Z and a large valus of & would

cause the rixture to burn at constant pressure {(l.e., before the tube

PACIFIC PALISADES, CALIFORNIA Oétll 1. 1954
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'eould be closed). Also, a tube length smaller than the distance 2

would produce no ifnition before rhe combusticn tube was closed by the

valves,

The shock tubve as described above was capable of reproducing in E

.two dimensions a close approximation of the condlitione occurring in
tthe Multi-Jet combustion tube as the combustible mixture travelled inta

and through rhe tube, High-speed photosraphs taken using ligfght from

the flame §{%fself indlcated that s combustion zone formed and decayed

‘immediately adjacent to the heated surface. Thils combustion zone was

of the type described sbovs, Highesapeed photographs taken using a
fsteady erc lirsht and the schlleren technique could not be snalyzed be=~
cause random density gradients (produced by the heat of the carbon arc
" light source) exlisted in the schlieren field. Snap-shot photcgraphs
taken using a sychronized spark light and the s chlieren technique were
i inconclusive since the trigger und synchronizing circults were not

operatine consistently. However, density sradients which were inter-

i

' pretad to be the result of combustion were photographed. A typicsal
i

i photograph 1s shown in Figure 31.

The results of the preliminary s rudy indicated thet, with realis-:

tic improvements in photorraphic techniques, the irniftion of a combuse

u0N

|

I

r

|

|

 tible mixture which has veen brought suddenly into contact with a
|

i heated solid surface can be siucied experimentally with relatively
1

i

Ll
[} .7}

sir.ple equipment, A few photo;yraphs such as shown in firure 31 were

| taken, but sufficient data could not be obtained since practically all

NIV

of this contracter's erforts were concentrated upon the testing with

Teat Lngine No. 2. Very iittle el furt would be required, however, in
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order to put ths esquipment into operation and fo obtain information

useful in determining the design of the Multi-Jet engine combustion

itubes.
%h.} Experimental Tests Involving Multi-Jet Test Lngine No., 2.

: The primary objective of experimental tests involving Multi-Jest

' Test Lngine No., 2 was to determine the specific fuel consumption of a

Multi-Jet engine as a function of tube geometry, relative phase lcngth%,
icycle frequency, valve leakagres, and fuel-alr ratio. The deveiopment

of an sanrine which will opsrate on the Multi~Jet cycle, produce net

thrust, und lead itself *o guantitative testing constitutes the first
éstep in such a precram. “he cowmpleticn of this first step consumed
most of the time remalnings in tnis con'ract period af-er assembly of
m™ast tnrine No. 2 was completed.

Valve confirurstions which were tested in this engine are sum-

marized in Table 1, The sum of the exhaust- and scavenge-phase dura-

. tions 1s proportional to the uangle subtended by the open portion of

mar Nk R M 3N G EE I B G s R e e e e S Y

the exhaust-valve plate; the sum of the scavenge- and compression=-

rhase durations is provortional to the anrle subtended by ths open

portion of the inlet valve; the sum of the cumpression=- and burning-
phuse durations is proportional to the angle subtended by ths closed
portion of the oxhaust valve; and the sum of the burning- and exhaust-
phase durations 1s proportional to the angle subtended by the closed
portion of the inlest valve, The tests in which sach of these valve

confirurations was used a re noted at the top of the table.

TH HANEE T 5 A T D e e vy awew oo -

Phase lengthns and tupe geometries which were tested in this engine

AR PArS

are summsarized in Table 2. The desired phase lensths were obtained by
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. 3electing the appropriate valve plates and attaching tnem to the rotor

-shaft in the upprcpriate ansuiwr relationship.

"hree methods of fuel injection wsere attempted: (1) injecting at

constant pressure and at a polnt immediately upstream from the front

1 valve into a tube haviny the same diameter as the combustion-tube;

- {2) injecting at constant pressure into the combustion tulbs at a pcint

'1mmediately downstream from the inlet valve; and (3) injecting far up-

stream from the inlet valve (i.e., wheres the «ir (low i1s steady).
The first of thess methods was used in tests 1 through 1L, the

third was tried in teats L6 and $0, and the second was used in all

other tests. It wus observed in tests 1 throurh 14 and LA and 50
that the combustible mixture was burning within the front valve hous~
ing before it entered the combustion tube, whereas in all other tests
'no burning occurred within this housing.

The burnin; of the fuele-sair mixture at the front veaelve could te
due elther tc the fact tnat the valve 1is enclosed in & housing where

l the combustible mixture can collect and burn, or to the poor valve

timing encountered in the early tests (e.g., 8 long pulse compression

| phase would allow the ccmpression wave to move out of the front end of

o,

- eme Gty SEE 0 O BNR 0 ENN 0 S 0 A &

! *he tube, cerrying a flame uwliich itnites the combustible mixture and

causes it to burn within the inlet valve uousing)}e. Injection of fuel
directly into the combustion tube eliminated the pressnce of a combus-
tible mixture in the inlet valve housing and therefore prevanted any

flamenolding there, The problem of flameholdiny at ths inlet valve

should not be encounteraed in the flirht model of the Multi-Jet Engine,

which will contain a multiplicity of tubes, since there will be a czon=-
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. During thes: tests the inle* 1:.pulse tarpet was attached directly to

. air-supnly duct between the inlet 1upnlse tarret and the inlet valve

;housinr for tests 15 to 56 1s shown in Fipure 35, The thin rubber

‘inlet valve housing was not successful since 1t could not hold the

tinucus flow of alr wround the valve,
Tho 1lradin. edges of the valves used in tests 1 to 26 were not be-

bevelled, Starting with test 27, the leadling edges were bevelled in

crder to five the valve plotes o streamline cross-section in the

direction of rctetion (see Figures 6 and 7, Section 1I).

The air-supply duct for tests 1 to 1§ is shown in Figure 34,

thhe front valve houslng, and nc thrust measuwreoments were made, The

membrane used at the joint between the inlet impulse tarcct and the

nifrh pressures existing in the air supply line. S3tarting with test
~T, therefore, a diaphrarm was installcd at the joint between the im-
pulse target und the enrine (see Figure 36), A description of this
1apiwarm and of the caliiraticn of the inlet il:pulse target is given
in Section II,

Since all the test rasults from Tost knsine No. 1 were ob‘ained
with a round Metamic tute £/ inch in dismeter and €& inches long, it
was decided to install a similar tube in Test "nyine No, 2 during the
first test runs. The heatin, rate was fair on these 'irst tests,.
After instelling = 9/16-1nch square tube 6 inches long with the pres-
sure plckup mounted 2 Inches frowm the inlet valve, 1t war observed
that the heatin~ rate was rcduced appreociably. This was probably due
partly to the coolings effact of the watsr-cooled pressure ;age and

artly to the smaller cross-gectional aresa of the square tuhe. This
p y
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| problem was alleviated somewhat by increasing the tube length to 9

I
|
liches, but the hsating rate was still too low. The best heating rate!

was obtained when & leinch-diameter tube was installed in the engine. |

The improvemsnt can bs expla’ned by the balance of heat transfer to i
ths tube and heat losses from the tube, The heat ralesse in the tube |
|

i3 proportional to D2L (where D is the tube diameter and L is the

length). The hsat transfer to the wells is proportional to the sur-

face area (or DL), The heat losses occur at three points: (1) at the.

' tube ends (heat lost is proportional to D), (2) from the wells (hesat |

. lost 1is proportional to DL), and (3) at the water cooled hirh-fre-

quency response prsssure pickup (heat lost is constant). Therefore,

1t can be seen that incrcasing the tube diameter and tube length will :

increase the hesting rate., All subssguent testing was performed in
l-inch-diameter tubes, Furthermore, a tube length of 12 inches wsas 5
used so that the results of tests employing differesnt valive configura-
ticna could be compared mores eassily. It is probabls +ha*t the poor
heatins rate of the sinall tubes wus agrravated by tne insfficlent
Multli-Jet cycle reslized at that time nce an efficlent Multi-Jet
cycle 13 found, better hrating chsracteristics may ba cobtalned even
with the small combustlon tubes,

Pressurs-time histories durlng some of the early tesats in a l-inch-;
diameter tube 6 inches long indicated that burniny occurred only
during avery other cycle when relatively high combustion-chamber prese
sures (pressure ratio <L) were realized. A typical example of thic
unsxpected combustion phenomenon is described by Figures 37 and i

38. The first figure is a photosyaph of the pressure-time disgran us
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sean on the oscilloscope screen, and the second figure is an enlarged
sketeh of the diagram presented in ligure 37,

The valve timing 1s indicated in Fifure 37 by light and dark
spots on the trace. The bright spot indicates the time at wnich the

exhaust end of the tube is half open, i.,e., this spct 13 an index of

" the beginning of the exha:st phase., The dark spot indicates the time

at which the exhaust end ¢f the tube is half cloused, i.8., thiig spot )

i 18 an index of the barinning of tus compression phase. The times at

which the valves barin tc open or close are indicated directly in
Firure 36,

An ilnspection of these figures reveals that the valve at the in-

" let end of the combustion tube opened during the first cycle before

the pressure within the inlet end of the tube had decreused to a value
less than that which existed within the inlet duc*., Such a pressure
differential would canse rases to move in the upstream direction

during the sarly portion of the scavenge phase and would prev:nt, thusy
a combustirle mixture from enteriny the combustlion tube duriné the
scavengse and coupression phases of this\cycle. Consequently, burning
would not occur during the second cycle, Scavenging the combustion
tube of burned gasas and charging this tube with combustible gases
could take place during the second cycle, however, since the supply
pressure would be sgreater now than tne combustion-chamber pressure at
the beginning of the scavenge phasa of this cycle. The fthird cycle
would now repeat the 7.rat cycle, i1.e., burning would occur, combustion
chamber pressure would rise, scavencsing would not occur properly, and

the cycle would end with the combustion chamber filled with a non-
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combustible mixturoe.
The maxlimum combustion-chamver pressure cbserved in cases where '

burning occurred during every other cycle sxceeded appreciably the

maximum combustion-chamber pressuvre observed when burning occurred

durins every cycle, These obsorvations substantiate the belief that |
the exhsaust time is too short whenever burning occurs only during everj
other cycle., The duration of the exhaust phase, which is required in

order to produce a combustion-chamber pressure smeller than the pres-

sure in the inlet duct at the time the inlet valve beglins to open, in-

, creases as the maximum combustion-chamber pressure increases,

Maximum combustion-chamber pressures from 2 1/2 to U atmosphares |

‘have been cbserved in the cases where burning occurred during every
“other cycle., This difference in maximum pressures depended upon the
i

!values of purameters such ws air-flow ra‘e, fuel-flow rate, and cvcle

|

@frequency.
5 Lengths of the pulse-compression, combustion, expansion, and
scavenge phises wers in the ratios 1 : 22 ¢ 4 : 18 for the test (test
40) during which Fipure 37 was photorraphed. In an attempt to improve
the scavenging process and to learn meore about the conditions which

lead to burning only <uring every other cycle, ihe length of the ex-

haust phase relative to the other phases of the cycle was incresased. :

A typical example of the pressure-time history obtalned during a g
test run of a cycle having incrvasesd exhsaust time is presented in 5
_}2:

Figures 39 and 40. The lengths of pulse compression, combustion, ex=-

pansion, and scavenge ware in the ratios 1 : 1,8 : 1.37 : 1.43 for tne

test (test I;7) aring which this figare was photocrrupned.  Althoush
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Figure 39. Photcgraph of Presswre Time and Refare
enca Voltage Diagrams (Test Run L47)
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Figurs 40, Photograph of Pressure Time Diagranm
‘ : (Test Run 47)
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" firiu- wes obtuined in every c¢ycle, peank pressure ratlos greater than |
'

four conld not be ottained with the varlous valve confirurations test-'
ed in tests L1 to H¥. tiowever, 1 sisnificant advai.ce waa made during

m

tiiese tests when Test “ricine lio. 2 was oporatel using relatively high
air-flow rates (scavenge-phase alr-flow velocities of anproximately
4006=-500 £t/sec) with no decrease in combus*ion-tube wall tempsrature
and with cyelie ipnition of the fresh charge by non-staticnary sur-

‘ face combustion, <4hrust measurements male during all the ebove tests

st11l indicated that nc nat thrust was obtained.

Computations of the iueal cycle, which were made during the pre-
vious contract period (reported in Reference 1), indicate that the
Multi-Jet ungine must be operating at peak cycle pressures of more thar
i in order to obtain any appreciable net thrust. See Figures 41 and g

li2 which are reproduced from Reference 1, Therefore, furtner tecsts on

: Test Engine No. 2 were pointed in the direction of obtaining higher

bems! Hwets My 0 MG 0 SWNR  JAEYS 0 BERM O BEDN DN Ay coee)

| maximum ¢ycle pressurs ratios,

| In order tc determine whether some of the fuel-alr mixture is
passing cor:nletely throush the tuboe during the scavenge phase without
burninyr at constant volume, the air mass flow is calculated by two
methods: (1) from the measured pressure dropr uasrcss the standard ori-
fice, and (2) fromn the density of the air in {ha tub: during each

cvcle and the [Irequency of tne cycle. It 13 assumecd that supply pres-

j ;sure end tomperature exist in the combustion tube uwefore combustion |

1 gbezina. Ti,« 3e20ond metlhcd of calcule ticn should rive a result which
y § is hirher than the actual valu»s (since the temporatwre of the rases in
= i the tubs willl actusally bs irea er tiiun the supply temperature assumed ,
- i i
!
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FIGURE i1

IMPULSE FUNCTION
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FIGURE |2
l F = thrust ) ]
1
- l l . Ay = cross-soctionsl ariea of
40— — T —— . combustion tube
4 g = alititude-corractiqn
1 ’ fartor, unity at sea level
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"in the above computations).
i However, calculn tion of the mass flow by the flrst method gave a
lorrer result than the second method, indicating that more alr 1s sup-

plied to the en;ine tion can be received by the combustion tube. It

was concluded that some fuel~alr wilxture was passing completely throurn
i the combustion tube before the tube could ba closed. The ejection of i
this air would lead also to low values of net thruast., ;
|

It was believed nlso that a large percentage of the mixture was g
“burning before the tube could be closed. In order to dscrease the staﬂ

|
time of tne fuel-air mixture in the tube before the tube is closed, thd

pulse conpression piase was elimineted from the valve confij-uration.

It was assumed that some burning was occurring before the tube was
clesed (this burning would be occurring st constant pressare), thus
:reducing the maximum cycle pressure and the efficiency of the engina,

e lensths of expansion, scevenge and burning were in the ratios
i1t 2.1 3 2.4,

The above confi uraticn waes tested in tects 5§ to 6L, and s peak
cycle pressure ratlo ;reater than l} was obtainsd. Pressure ratios

varied from S to 5.5, depending on the test conditions. A photograph

of a hirh prassure ecycle (test 64) is shown iu Micurse L3, Althoush

Wiie bzotis WG W wey S Hay R BE ENE aa RN By SaU e A

the apecific fusl consumption was tiph (R0 to 10), this configuration é
was the first to give wvny appreciable net thrust. A nst thrust of ?
i1.30 pounds per aquare inch of combustion tube flow area was obtuined, i
Calculation of mess f'low by the methoa described above stiil 1ndicated 2

that fuel-air mixture wns peiny lost brfore tho tube was closed. This

fact would indicate that scavenge time could be reduced.
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! Figure L3, The Prsasgure~Time Diagrem for Pesk
! Cycle Pressure Rutlo of 6.5
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Stainlesgss steel (Type 302) combustion tubes with 1/4 inch thick

walls were usad during most tests iIn the last month cf the contract

‘period., Usually more than one run could be made if the tube tempsra-
itures wore carefully watched durins the test run, However, durlng
5some of the test runs thn *ube temperature r~ached a value :n:at caused
the tubs to fail, A photorraph of such a failure is shown in Fipure
Lli. It shows that the tube failed under stress due to pressure rether
“than ‘due to softenins and meltinr. This fact would indlcate that hiph
pressures were ottained In the combustion tube,
Pigure L5 shows a typical pressure diarram obtained during tests
"59 to 66, It shows (1) a rapid rise cf pressure as soon as the tube
is closed (the double valve-timing mark indicates when the tube i1s
only half closed) and (2) a hirh pressure plateau indicetinc that com-
:busticn is completed and that the stay time of the mixture within the
"tube is too long. I+ can be senan, therefore, that the cormbustion time
can be reduced spvoreciably. Such a reduction shculd result in a con-
ficuration that will produce a ;reater value of net thrust,
| It was declded then to try s valve confiyuration that included s
;short pulse-compression phass, The ratio of exhaust : scavenge : pulsg

‘compression : burning was 1.00 : 1.77 ¢ 0,11 : 2.12, The tests per-

e Puwe PUEn NN AN ONE BN AN A BN SEN Aam N AN BER O emw e

formed with *his confi. uration shiowed thut 1t was not as sficioent as 4

{ i i

! the conti, uraticn witnont pulse compression. =<ince the new confirura-'! i

|

i tion waa cottained by changing the phase angle betwren the inlet angd i ;

| . x

. ) e
exhgust valves, the retios of the cycle pha:e lengths coulcd not be kep 3

el

} o

" constant for the two confi;urations, urther tests arse required in o

! order to reach definite conclusious, i 3
4
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Figure ULl;y Stainiess Stesel Combustion Tube Showe
ing liigh Tempersiure and Hirh Pressure
Failurs
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. Figure 445. Pressura-Time Diacramn Indicating a Long
5 | Burning Phase
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A systematlc invistipntion of the effect uf valve clearsances on
the ~fficiency of the cycle was not coupleted, since a working con-
figuration of the Multi-Jet Engine wes not cbtained until lute in the

contruct period, liowever, peculiar pressure dilajgrams obtalned during

“varivus test runs, wuch as shown in Filpures 46 and 47 seemcu to indi-

cate that Jecaksesos were present,

Fil,ure L6 si:ows a photoyruph of ona cyele. The dark spots indi-
cate the times at which the ends of combustlion tube ure either halfl
open or hualf closed. fhe larpe derk spet indicates the time ut whichn
the inlet end of the ecombustion tube is half open (the beginuing of
seaven;a); tho next spot {time increases to the ri;ht) indica.es the

1

Learinning of pulse comnressioni the :hiird liuticutes the Linidnning of
brrning; and thoe fourt: indigarws thee trnyprdlrniding of oxhsust, it can
La seen *hat during tihw buarening phuase (when 1he tanbs is closed at the

front and vewr) the press e starts st o hi,h level and iwrups almost

to atmoapneriec nress:ur. ievel, VYurin: the nulse compr-essici phase the !

pressure rises consiuerstly before the tube is totnlly enclosed. 'This

hii h pregsare duria: pualse compreasgion wouild gause tlie tusl-air mlxturd

{lowing inte the tuve &' bhe indel Lo roveras Loclf, bLhus preventing

the iubs From baim femsiniely Miled with froesh fasl-alr wiX! ure

Tdarine that purtfeulur eyely,

v e e

Usually the cyele dhown in P wes 6 18 followsd by o eycle rhat

lasks streedy Tils e slboas o flpore BT The dird sput 30 (les

sevond we ekl veols Indicetees T sknrl o wglmasts Lo tis plimae

Puapaes %@y v omamard o ®hds el wpely, wiodet I e brnl phusey the

pimes e luwes repldly fhan Rogsls off de ) lentiog 1ba ! combast fan is
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Figure 46, Pressure Time Dliagram Indicating
Leakage in the Tube
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l ; Figure LL7., Pressure-Time Diagram Indicating Leak-

age in the Tube 3
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‘47, during the first cycle the high pressure rise occurrins durlng

. pulse compression causes the tube tn be only partly filled with new

icompleted. Previous to this phese, durln; pulse compression and

seavense, there is little or no press.re rise., Using these observa-

tions the following hypothesis can be formulated. Looking at Fipure

~fuel=-air mixture. HReturning now to the first cycle the .ixture in the:

tube burns rapidly (au present it 13 not clear what trigrers the mix-
© ture during pulse compresaion) as the tube cioses to start the burning

- phase. Wwhen tne tube is opened then, durins the exhaust and scavenge

phasas, the press:are in the air supply system causes scavenre to pro=-

coed now without ary interference from a pressurc rise :lue to pulse

compression. Thus, in the second cycle coabustion proceods as ex~
pected and the pressure rises during the burning phase. At first
flance it appears that no leakinyg is occurriny during the second cycle
indicating that perhaps the cleurances ars smaller for the perticular

valve blades now closing the tube (perhaps due to valve plate wobble;

Cf. Section III)., However, since during the second cycle better

scavenging occurred there is a greater percentags of fuel-alr mixture

present than in the first cycle. “"hen if the leakares are not present
a higher pr:ssure should be observed or if the leakages are vresent
than the pressure will rise rapidly, the mixture willl start to leak cut
of the tube, the pressure will tend to drop, more mixtur: will burn,
the presswe will tend to rise; this loss and galn of prcssure will
occur unt!l tha exhaust valve opens when the pressure will drop im-
mediately to atmospheric. The abtove is only an hypothesis and cannot

be substantisted definitely by the rest results., However, at the

o e S ol o e 8
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completion of these tests an investigation of the valve clearances

— e

sliowad that t%ey were of the order of 1/32 inch or more. By rsducing
the clearances to the order of 0,005 inch and repeating the run a

pressure diagram given in Figure 40 was obtained, All of the above

' pressure diagrams were obtainsd during Test Run No, U47. : !

Visual observations of the enrine exhaus? suggested that the ex-

haust was belng deflected in a direction opposed to the direction of
motion of the valve-plate blade scross the end of the combustion tube,
tiigh=-sreed motion pilctures co.:rirned this unexpected observation, The
“trallin:s ed-e of the valve-plute vlades (1/2 inch thick) acted appar-
ently as a solld well as it crossss the tube opening and the gases
" expanued then away from thls wnll. The aft valve plate was modified !
consequently, with the result that the surfaces at the traillne edges
o' thie valve-plate blades made then & US° angle with the center line
n. the comtustion tube and permitted the exhaust gases to expsand more

freely in all directions.

L e et e RS e .- v - Teehe en e e cqgE - o e ¢

ot

5
L]

PURS TR I o




wids GEm NN KNG WEEI N rE R AE AN ENE SRR o aoee

.

Ut B R i =k B i FoheT

AEROPHYSICS DEVELOPMENT CORPORATION R003~1-R5 |

PRy b DATE

PACIFIC PALISADES, CALIFORNIA Oct, 1. 195

SECTION V
CYCLE ANALYSIS

S.1l Non-Viscous Non-Stationary Flows

The graphical method introduced by de Haller (Cf. References L
and 5) for solving certal. non-viscous non;stationary flow problems
was used to construct characteristic diagrams for flows in a statically
operating Multi-Jet engine combustion tube. These diagrams are useful
in determining the optimum valve-plate configuration and the optimum
| rotor speed for a Multi-Jet encine which 1s operating statically.

! The computations for these characteristic dlagrams were based on

the {ollowin:- assumptions:

1. The crossg~sectional area of the combustion tube 1s constant,

2. Flow passages in which the cross-sectional area changes sud-
denly with respect to axial distance (the tube ends when the
valves are opening or closing) have the characteristics of
very short nozzles, 1.,e.,, flows through these passages may
be described by the equations of steady adlabatic fluid flows,

3. During the scavenge end compression phases, the static
pressure at the tube inlet is related to the amblent pressure
by the Bernoulli Eguation. This assumptlion implies that
duringz the scavenge and compression pnases the statlc pressure
et the tube inlet 1s less than the ambient pressure.

L. During the scavenge and comprossion phases, the total tempera-
ture of the combustihle mixture i3 constant,

5. The increase ir fluld entropy csused by passage of a shock

wave through the fluld is negligible. (This assumption is

)
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Justified 1f the shock-wave prsssure ratio is less than 2.5.)
If, durlng the exhaust and scavenge phases, the gas velocity
at the tube outlet is less than the local velocity of sound
in the gas, the static pressure at the tube outlet is equal
to the amblient pressure,

The conditlcns of the gas in the combustion tube at the time
for which the fluid flows were calculated (i.e., the pressure
and the temperature of the gas in the combustion tuve at the
end of the combustion phase) are the same ss computed in

Reference 2 for a statically operating Fulti-Jet engine.

Since assumption 7 does not describe the conditions of the gas at the

~end of a typical combustion phase with complete accuracy, it would be

i
+

necessary to snalyze several consecutive cycles of the engine tefore

tained.
quently,
cycle =~

diagrams

i & diagram which 1z repeated during consecutive cycles could be ate-

These computations, however, would be tedious and, conse-
characteristic diagrams were constructed for only the first
the contention belng that it can be determined from these

which of the several cases investigated should be analyzed

in greater detail at a later date,

3ince thie main purpose of the characteristic diagram is to facili-

tate the

determination of the valve timing which 1s needed for ef-

ficient scavenging of the combustion tube, computations were wmade for

the following two caseal

1.

The pressure within the tube st the inlet valve is allowed to
decrease tc a value smaller than that ot the total free strsam

pressure before the inlet valve Is opened. (Note that it the
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engine 1s operating statically, thon the total pressure of

the free stream equals the ambient pressure.)

ey,
N
L]

The pressure in the tube at the inlet valve is allowed to de-
crease to a value equal to the total pressure of the free

stream before the Inlet valve ls opened,.

- The characterlistic dis;rruwais (Fipures L€ and L49) which were constructed
describe the exhaust znd scavenye phases as follows (see Figure UC in
_particular): As the exhaust valve 1s opensd, an expansion wave I formd

. and travels toward the closed inlet valve. Thls expansion wave ar-

‘rives aveutually at the inlet valve (decreasins the pressure in the

tube at the inlet vslve), reflects from the inlet valve as an ex-
ranglon wave II, end travels vsck towards the open exhaust valve, If

tlle exhaust flow Is sonic, then tryis expansion wave reflects from the

open exhaust valve as an expansion wave I11J; if the exhaust flow is

b d

subsonic, then thls expansion wave reflects from the open exhauast valvey

as & compression wave IV, when the pressure in the tube at Lhe inlet

rwme  mmey  wwew  wesy may wmy Sy Y

valve has dropped to a value whlch -ives the desired pressure ratio

across the 1nlet valve, the inlet valve is opened snd a compression

TR T TR
- ’

wave V forms and travels towards the open exhaust valve: fluid flows
sudbgequently with a veloclty correspondins to a Mach number of approxi-
mately O.f& into the combustion tube. Compression wave IV reaches
eventually the open inlet valve (decreasing the Mach number of the
entering fluid snd, In some cases, reversing the direction of flow);

! compresgsion wave V reflacts from the open exhsust valve as sn ex-
par.slon wave VI =znd also reaches eventually the open inlet valve (in-

creasing the Mach number of the onterin. fluid). The net effect of
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l cetore thwe inlet valve is opened (cage 1, Figure LC), then the fluld

waves 1V and VI 1s to decrease the lach number of tihe entering fiuid
to a value less than 0.6
i1 tie pressure in the tute at the inlet valve ic gllowed to de-

erease o 2 value cgual to 1/2 the totul pressurce of

moves initlally Into the tuve at a iach number of avproximately 0.(.
Compressicn wave 1V reverces the flow at the tube inlet; expansion
wave V1 reverses aga!n the {low at the tube 1nlet and csuseg the fluld
to move into the tube al a ifach number of approximately 0,3 during the
i remainder of the scavenge poriod. ixamination of the characteristic
diagram reveals that the tube can be scavenged more quickly only if
the travel of compression wave IV is delayed or if compression wave 1V
is eliminated.

If an exhaust tubs having a dlameter equal to that of the combus-
tion tube 1s attached behind the exhaust valve, then expanslion wave II1
reflects [rom the exhaust-tube exlt instead of from the combustion-tube
exit with the result that the arrival of comwvession wave IV at the
inlet valve is delayed {see Figure 50), Computations for cass 1l indi-
cate that an appreciably nigher averajre scavenge velcocity is realized
if the exhaust tube with a length equal to 62 percent of the length of
thio combustion tube is used than if no eaxnaust tube is used,

It should be noted, in Figure 50, that expansion wave I 13 di-

vided 1nto two purts I(a) and I(b). Lxpansion wave I(b) is formed
by the reflectlion of tno compression wave at the open end of the
exnauadt tube. The pressure at the tall of expansion I(b) is equal to

the zmbient pressure, Since there is a time interval between the
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